Abstract-This paper develops a model for relating input current harmonic content to real power consumption for variable electronic loads, specifically for loads' actively controlled inverters energized by an uncontrolled rectification of the utility. This model serves as the basis for a method for estimating and disaggregating the power consumption of variable speed drives (VSDs) and rectifier loads from other constant power loads. This method can be used for nonintrusive power monitoring. The approach described in this paper uses the approximate switching function of the rectifier to derive the best estimating function for the fundamental current harmonic from a finite set of current harmonics uniquely associated with the operation of the drive. Experimental results show that the proposed VSD power and harmonic estimator can track VSD power consumption for monitoring given knowledge or an estimate of the input current harmonic content.
I. INTRODUCTION

S
UBSTANTIAL and successful efforts have been made to develop models that predict the input current harmonics of continuously variable electronic loads such as variable speed drives (VSDs) and rectifier loads, given an assumed operating point in real power consumption [1] - [9] . Specifically, given an assumed or known level of real power consumption and circuit parameters, it is possible to predict the harmonic currents consumed by a variable speed drive. For many applications, it would be convenient and even enabling to have an analytical approach to the inverse problem [10] , [11] . That is, a means to model and predict the real power consumption of a drive, given an observed or estimated line current harmonic pattern, would open the door to new power monitoring and also modeling techniques for constraining motor-drive design problems. This paper develops mathematical models that accurately predict real power consumption from measured or estimated input harmonic levels.
These methods can be used, for example, to determine the maximum shaft power available to a drive, given specific limits or regulatory requirements on a pattern of input current har- monics. The models developed here can also be used to track and disaggregate the real power consumption of VSDs and rectifier loads given observations of harmonic currents. This type of modeling enables the development of "smart" or nonintrusive electric metering solutions. nonintrusive "smart" metering can determine the operating schedule of a collection of electrical loads strictly from measurements made at the electric utility service entry powering a collection of loads [12] . A nonintrusive load monitoring (NILM) system tracks the operating condition and power consumption of multiple loads using line current harmonic signatures or spectral envelopes [10] - [14] . For a constant power load, the identification is accomplished by searching the aggregate set of current harmonic signatures or spectral envelopes for the appropriate combination of characteristic transient patterns and steady-state power changes [11] , [12] . Continuously, variable loads like variable speed drives (VSDs) do not have a unique current harmonic signature, and can confound the existing nonintrusive power-monitoring scheme. The harmonic inverse model presented here can allow the nonintrusive load monitoring system to track and disaggregate the variable power consumption of variable speed drives and rectifiers from telltale harmonic signatures. In general, VSDs are used to optimize energy consumption and controllability in many industrial and commercial facilities. A typical VSD system consists of a rectifier, a dc-bus link, an inverter, and an induction motor. A rectifier front-end of the VSD usually draws current that is rich in harmonic content. These line harmonics can be used to identify and track the VSD load. A VSD power estimator has been developed using correlation functions between the fundamental and higher harmonics of the measured current [11] . Although this curve-fitting approach provides a simple way for extracting the harmonic content of the VSD from the aggregate measurements, the correlation functions used in this black-box approach can change as much as ten percents from the base case [10] . Variation in the input voltage can affect the relative amount of harmonic content consumed by the rectifier [5] . A more accurate model that incorporates system behaviors could provide insights and improvements in estimating power consumption of the VSD using current harmonics.
One analytical technique that provides a closed form solution for the current harmonics drawn by rectifiers uses a switchingfunction approach [1] , [3] , [7] - [9] . By studying the switchingfunction method, a nonintrusive load monitoring (NILM) system can approximate linear relationships among current harmonics consumed by the rectifier front-end without knowing exact operating conditions and all circuit parameters of the VSD. This derived relationship allows the system to accurately predict the real power consumption of variable speed drives.
This paper proposes a switching-function-based power estimator that can uniquely resolve the power consumption of VSDs energized by an uncontrolled rectification of the utility from aggregate current measurements under varying input voltage conditions. The paper is organized as follows. First, the NILM system is briefly explained in Section II. Section III introduces a general VSD model. A brief summary of the switching-function method is covered in Section IV. The switching-function-based estimator is derived in Section V. Experimental results are shown in Section VI. Finally, the proposed estimator is summarized in Section VII.
II. BACKGROUND
An NILM system monitors multiple loads from a central observation point and extracts information about each load from current and voltage waveforms. The system block diagram is shown in Fig. 1 . The system computes short-time Fourier series coefficients or spectral envelopes from the measured phase currents and voltages. These coefficients are used to track and disaggregate each load from aggregate measurements [12] , [14] . Fourier series coefficients can be computed as follows. Let v(t) = V 1 sin(2πt/T ) be a reference voltage and the variable T represents the fundamental period. Given a line current i(t), the in-phase and quadrature components of the kth harmonic are denoted by I p k (t) and I q k (t), respectively. These coefficients can be computed by
and In steady-state operation, the fundamental real and reactive powers can be computed by
and
respectively. When VSDs are included in the group of monitored loads, the time-varying nature of their power consumption can affect the power consumption patterns of other loads. Consequently, the load recognition system may not properly match signatures.
To improve the capability of the NILM system, the VSD power estimator, shown in Fig. 2 , has been developed. Note that it uses the input voltage to approximate a feasible switching function and to create estimating functions for the fundamental current consumed by the VSD from a finite set of higher harmonics uniquely associated with the drive. Finally, the estimator computes the fundamental real and reactive powers consumed by the VSD using (3) and (4), respectively, for all three phases. Specifically, the estimated fundamental real and reactive powers of the three-phase load can be computed by 
III. VSD MODEL
A simple circuit topology that represents a VSD system with an uncontrolled rectifier is shown in Fig. 3 [5] . A dc-bus capacitor is used to minimize the voltage ripple. An optional dc-bus inductor can be installed to reduce the peak current. The inverter is normally operated at a frequency well above line frequency, so any harmonics it produces are generally negligible at the ac side [6] . Simulation results show that the constant current source i load provides a good model for the inverter-motor combination [5] . As a result, the model shown in Fig. 3 provides a good representation of the VSD system for simulation and initial verification purposes.
A typical ac-side line current consumed by a VSD with an uncontrolled rectifier exhibits two separate peaks during each half cycle as shown in Fig. 4 . In this discontinuous conduction mode (DCM), the measured current mainly consists of the fundamental and a series of odd harmonics, i.e., 3rd, 5th, 7th, 9th, 11th, and 13th. Assuming these higher harmonics are uniquely associated with the VSD, they can be used to estimate the fundamental current harmonic and the fundamental power consumed by the VSD as shown in 
Each variable in (7) can be represented in terms of in-phase and quadrature components using Fourier analysis. The line current is the result of the convolution between the switching function and the dc-bus current [1] . The line current is represented as
where the variable k represents a harmonic number, the variable I 0 is the dc component of the line current, and the variables I p k and I q k are the magnitudes of the in-phase and quadrature components of the line-side kth current harmonic, respectively. An arbitrary switching function can also be represented as
where the variable n is the harmonic number, the variable S 0 is the dc component, and the variables S Alternatively, each Fourier series coefficient of the phase current can be written in terms of a weighted sum of the dc-side Fourier series coefficients by substituting (9) and (10) (12) and
The column vector I p−dc represents the dc and the in-phase components of the dc-side harmonics, i.e.
. . .
T and a column vector I dcq represent the quadrature components of the dc-side harmonics, i.e.
Row vectors W 
V. ESTIMATOR DERIVATION
In the load identification problem, the dc-bus current and the switching function are generally not observable in the aggregate measurements. Few approximations must be applied in order to relate higher current harmonics to the fundamental harmonic consumed by the VSD. The derivation of the proposed estimator can be divided into two parts: the estimation of the switching function and the estimation of the dc-side current harmonics. In this paper, the following conditions are assumed.
1) The rectifier front-end is operated in a DCM.
2) Each diode behaves like an ideal switch.
3) Harmonics used in the estimator are uniquely consumed by the VSD.
A. Switching-Function Approximation
The actual switching function is defined by switching instants of the diode bridge and is not always observable in the aggregate measurement. In DCM, intersections between line voltages can be used to estimate the switching functions of the line currents because phase currents do not commutate during switching instants. In this paper, the approximate switching function is the shifted ideal switching function that can be expressed as
where the angle α is the minimum angle that allows the shifted ideal switching function to contain all four pulses for phase-A. An example of the approximate switching function is shown in Fig. 6 Finally, the kth ac-side harmonic is primarily caused by the (k − 1)th and (k + 1)th dc-side harmonics when the shifted, ideal switching function shown above is used. These properties can be used to further simplify the estimation problem.
B. Effects of DC-Side Harmonics
In the ideal case, the input voltage is balanced and the inverter reaches steady state. In this case, the dc-side current consists of six identical pulses per line cycle. As a result, the dc-side current contains only the dc component and harmonics that are multiples of six. Examples of current and switching function waveforms in the ideal case are shown in Fig. 5 , . . .] T , respectively. In general, the rectifier has a dc-bus filter to smooth out the current and suppress higher harmonics. Theoretically, each current pulse in Fig. 5 can be assumed to be a square pulse. In this case. the magnitude of the dc-side mth harmonic would be proportional to 1/m according to Fourier series coefficients. Furthermore, the approximated switching function shown in Fig. 6 also attenuates higher harmonics according to Fourier series coefficients computed in (15) and (16). As a result, the effect of the dc-side higher harmonics on the ac-side low harmonics is further reduced. As a result, higher harmonics can be ignored. The effect of neglecting higher harmonics can be computed quantitatively by the comparing the L 2 norm of the unused higher harmonics and the retained harmonics to ensure that the approximation error is reasonably small in any specific application context. Consequently, the harmonic vectors I p−dc and I q −dc can be divided into two parts: main and residual harmonics. Main harmonics include the first M entries of dc-side harmonic vectors represented by Residual harmonics include all other higher harmonics represented by
. .] and
. .]. In this case, the ac-side fundamental harmonic components can be approximated as
where block matrices W 
and then the estimated fundamental harmonic components consumed by the VSD are given by 
where
VSD depends on the shifted angle α, it is possible that it could become nearly singular. However, the badly conditioned matrix can be tested off-line, and the problem can be mitigated by reducing the dimension of matrix W M VSD . In general, the input voltage may be slightly unbalanced or distorted and the system may never reach steady state. As a result, each current pulse in the line cycle may be different as shown in Fig. 7 . In this case, additional ac-side harmonics are required to accurately estimate the dc-side harmonics. Using the approximate switching function, triplen harmonics can be used to estimate additional even dc-side harmonics.
Let T . Additional dc-side harmonics change (17) and (18) to
A similar equation can be written for the triplen harmonics as
Matrices W x 1 , W x VSD , and W x x contain corresponding coefficients for the ac-side harmonics. The estimation error in the augmented system using the estimator derived in the balanced case is given by
Additional harmonics can be used to minimize the second error term, (W
T . The error correction factor is given as
The final estimating function is 
Equation (27) provides a closed-form solution for estimating the fundamental current harmonic consumed by a threephase rectifier from higher current harmonics. In addition, the algorithm does not require any prior knowledge of system parameters. The algorithm can be modified to use other sets of harmonics by changing the coefficient matrices.
VI. RESULTS AND DISCUSSION
This section summarizes experimental results that demonstrate the ability of the switching-function-based VSD power estimator to resolve the power consumption of VSD and rectifier loads from other constant power loads. In addition, the estimation results are compared with the empirically based estimator to compare the improvement.
The experimental setup consisted of a controllable threephase voltage source and three electronic loads: a VSD system connected to a dynamometer, a 200-W three-phase rectifier load, and a 50-W light bulb connected between phase-A and neutral. The experimental setup is shown in Fig. 8 .
For all experiments, the switching-function-based estimator used three in-phase and three quadrature components of acside harmonics, specifically, I T . In addition, the third and ninth harmonics were T . The real power consumed by the VSD and the rectifier is calculated together using (5). The light bulb fundamental real power is calculated by
where V a 1 is the amplitude of the fundamental of phase-A lineto-neutral voltage and I pa 1 represents the estimated fundamental current harmonic consumed by the VSD in phase-A.
A. Balanced Input Voltage Cases
First, the switching-function-based VSD power estimator was tested under a balanced input voltage case. This input voltage was used to generate the correlation function for the empirically based estimator. The goal of this test is to demonstrate the ability of the switching-function-based estimator to extract the power consumed by both the VSD and the rectifier from the 50-W light bulb during a sequence of load operations. Experimental results are shown in Fig. 9 . Clearly that the switching-function-based estimator can resolve the power consumption of the VSD and the rectifier successfully when the input voltage is balanced. Small errors can be noticed during the light bulb start-up transient because the sharp transient contains higher current harmonics that are used as input variables to the VSD estimator. A more complex method may be applied to minimize the estimation error during transient events caused by other loads. On the other hand, the estimated light bulb power using the empirically based estimator is shown in Fig. 10 . The result indicates that the empirically based estimator produces an error during the rectifier load operation.
B. Distorted Input Voltage Cases
To measure the performance of the proposed estimator under input voltage variation, different levels of input voltage distortion were imposed during the experiments to compare performance between the empirically-based and the switchingfunction-based estimators. In these tests, the VSD was running with constant load and the input voltage was distorted by different amounts of fifth or seventh harmonic in all three phases. The performance is measured by the percentage error of the estimated VSD real power consumption, specifically
The experimental results are shown in Figs. 11 and 12 .
The experimental results demonstrate that the switchingfunction-based algorithm is robust against input voltage distortion across a wide load range. This improvement confirms that the approximation made during the derivation is valid for small voltage distortions that are likely to occur in the field. 
VII. CONCLUSION
This paper has demonstrated the method to extract the fundamental current harmonic of the uncontrolled, three-phase rectifier load using a linear combination of higher ac-side harmonics. The proposed estimator does not require the complete knowledge of circuit parameters and the system's operating point. The experimental results demonstrate that the switching-functionbased VSD power estimator shows significant improvement over the empirically based estimator in resolving the VSD power consumption under small variations in the input voltage. The proposed algorithm enables NILM to work with a larger set of loads. Furthermore, the estimator also shows the ability to track multiple VSDs and rectifier loads together without an additional sensor. This method could be adapted to track other nonlinear loads as well.
We are working to extend the approach taken in this paper to other monitoring and modeling problems. For example, even in drives that incorporate harmonic filters, it may be possible to develop functions that relate filtered but still detectable harmonic components to real power consumption. In drives that incorporate active power factor correction, it appears possible to relate harmonic content due to crossover distortion or switch frequency modulation of harmonic components to the real power consumed by a drive. Where possible, the approach of identifying mathematical models and functional dependencies between any observable harmonic and other quantities of interest like real or reactive power enables "smart" monitoring applications like the one described in this paper.
APPENDIX COMPUTATIONS OF SWITCHING-FUNCTION WEIGHTING COEFFICIENTS
The dc-component of the line current is given in (11) 
